Previously, we have shown that exposure of cultured rat cerebellar granule cells to the hydrocarbon solvent 1,2,4-trimethylcyclohexane leads to formation of reactive oxygen species (ROS). However, the cellular mechanisms responsible for formation of ROS in these cells after exposure to organic solvents are poorly understood. Here, we found that 1,2,4-trimethylcyclohexane induced a time and concentration dependent dephosphorylation of Akt-1 at Ser-473 and Raf-1 at Ser-259. An increased level of phosphorylated extracellular signal-regulated kinases (Erk1/2) at Tyr-204 was observed. By use of the nitric oxide synthase inhibitors N w -nitro-L-arginine methylester and diphenyleneiodonium, we found that intracellular formation of nitric oxide was necessary for phosphorylation of Erk1/2 and for the formation of ROS. Furthermore, the ROS formation was inhibited by the Erk1/2 pathway inhibitor U0126. A 1,2,4-trimethylcyclohexane (TMCH)-induced cell death was lowered by U0126 and the free radical scavenger vitamin E. Our results show that Erk1/2 kinases and nitric oxide (NO) may participate in ROS formation induced by 1,2,4-trimethylcyclohexane in cultured rat cerebellar granule cells, and also indicate a crosstalk between Akt and the Raf-Mek-Erk signaling systems.
Long-term exposure to organic solvents may lead to cerebellar dysfunction (Lam et al., 2000; Malm and Lying-Tunell, 1980) , cerebral atrophy, and changes in white matter (Feldman et al., 1999; Kamran and Bakshi, 1998) . The cellular mechanisms that lead to solvent-induced damage are poorly understood; however, recent studies support the hypothesis that formation of reactive oxygen species (ROS) may lead to neuronal cell damage. We have shown that inhibition of ROS formation in cerebellar granule cells (CGC) caused by L-2-chloropropionic acid (Myhre et al., 2001 ) and polychlorinated biphenyls (Mariussen et al., 2002) strongly decreased cell death. Intraperitoneal administration of toluene increased formation of ROS in the rat brain (Mattia et al., 1991 (Mattia et al., , 1993a , and benzene increased formation of hydroxyl radicals in bone marrow of rats (Khan et al., 1990) . Recently, exposure to organic solvents is shown to induce an extensive rise in ROS formation in CGC (Dreiem et al., 2002) . However, the complex upstream pathways responsible for formation of ROS in CGC after exposure to organic solvents are poorly understood. In the present work, we have investigated the importance of phosphorylation of extracellular signal-regulated kinases (Erk1/2) for ROS formation and cell death caused by hydrocarbon solvents, since oxidative stress caused by high glutamate (Satoh et al., 2000; Stanciu et al., 2000) , neuropathological stimulation of the NMDA receptor (Murray et al., 1998) , or hydrogen peroxide (Samanta et al., 1998) are associated with increased level of phosphorylation of these kinases in cultured primary neuronal cells.
The classical pathway whereby Erk1/2 types of MAPkinases are activated is through the Ras-Raf-Mek cascade, but some intracellular signalling pathways that transmit signals from the plasma membrane to the nucleus are suggested to be regulated by formation of nitric oxide (NO; Stamler et al., 2001 ). The present study was in part undertaken to investigate the role of NO in phosphorylation of Erk1/2 in CGCs. Another potential regulator of Erk1/2 activation in our system was considered to be the Akt-1/Raf-1 crosstalk, since it has been shown that Akt-1 may regulate the Raf-Mek-Erk pathway in vascular smooth muscle cells (Reusch et al., 2001) , in differentiated myotubes (Rommel et al., 1999) and in a human breast cancer cell line through phosphorylation of Raf-1 at the Ser-259 regulatory site. Thus, a possible crosstalk may exist between Akt-1 and the Raf-Mek-Erk cascade in our system.
In the present work, we have studied the cellular mechanisms for ROS formation and cell death in cultured rat CGCs exposed to the hydrocarbon solvent 1,2,4-trimethylcyclohexane. The level of phosphorylated Akt-1 and Raf-1 was investigated to probe the possible roles of an Akt-1/Raf-1 crosstalk in phosphorylation of Erk1/2 and ROS formation. Possible involvement of NO in regulation of Erk1/2 phosphorylation was elucidated by use of specific NO synthase inhibitors.
MATERIALS AND METHODS
Materials. Acetic acid, bromophenol blue, Coomassie Brilliant Blue-G,
, poly-L -lysine, pyruvate, sodium dodecyl sulphate (SDS), sulfanilamide, (6) a-tochopherol (vitamin E), and Triton X-100 were purchased from Sigma-Aldrich (St. Louis, MO Penicillin and streptomycin were from BioWittaker, Europe. Enhanced chemiluminescence (ECL) reagent was from Amersham Biosciences, Norway. The following antibodies were used: mouse phospho-Erk1/2 (Tyr-204) monoclonal antibody (mAb), and rabbit phospho-Akt-1 (Ser-473) polyclonal antibody (pAb) (Santa Cruz Biotech Inc., Santa Cruz, CA), rabbit phospho-Raf (Ser-259) polyclonal antibody (Cell Signalling Technology Inc., MA), horseradish peroxidaseconjugated rabbit anti-mouse IgG-and goat anti-rabbit IgG-antibodies (DAKO A/S, Denmark).
Neuronal cell culture. Primary cultures of rat CGCs were prepared essentially as described previously (Gallo et al., 1982) , with a few modifications. Briefly, cerebella were dissected from seven-day-old Wistar rat pups (Mølle-gaard breeding laboratories, Denmark), meninges were removed, and single cellsuspension was obtained through trypsinizing and mechanical tiurtration of the tissue. Cells were plated into 50 mm cell culture dishes that had been coated previously for 1 h with poly-L -lysine (10 mg/ml). The cells were seeded (10 6 /ml) in 4 ml of Eagles Basal Medium with 10% heat inactivated fetal bovine serum, 25 mM KCl, 2 mM L-glutamine, 100 IU/ml penicillin, and 100 mg/ml streptomycin, and cultured in an incubator at 37 C with 5% CO 2 and constant humidity. After 16 to 22 h cytosine b-D-arabinofuranoside was added (final concentration 2.5 mg/ ml) to prevent growth of glial cells. Experiments were performed on day 6-7 in vitro. The treatment of animals was approved by the national committee for experiments on animals.
Assessment of reactive oxygen species. Assessment of ROS formation in CGCs by use of the fluorescent probe DCFH-DA was performed essentially as described previously (Dreiem et al., 2002) , with some modifications. The method is based on the incubation of the CGCs with DCFH-DA, which diffuses passively through the cellular membrane. Intracellular esterase activity results in the formation of DCFH, a nonfluorescent compound, which emits fluorescence when it is oxidized to 2 0 ,7 0 -dichlorofluorescein (DCF). Prior to use, the CGCs were loaded with 5 mM DCFH-DA (1:1000 dilution of MeOH stock, stored at À20 C) directly in the cell culture medium for 20 min (37 C with 5% CO 2 and constant humidity). Thereafter, the medium containing the DCFH-DA was replaced with 1.5 ml HEPES-buffered incubation medium (HBM: HBSS supplemented with HEPES 20 mM and glucose 10 mM). Fifteen ml TMCH (1:100 dilution of MeOH stock) was added, and the cells were harvested with a cell scraper. We have previously reported the dose-response relationship for TMCH (50-800 mM) in CGCs (Dreiem et al., 2002) , and this was therefore omitted in the present work. The cellular mechanisms involved in the formation of ROS were elucidated by preincubation of the cells (10 min) with an enzymatic inhibitor (the NO synthase inhibitors L-NAME [100-400 mM] or DPI [3.5-14 mM], or the Mek1/2 inhibitor U0126 [1-20 mM]). Thereafter, TMCH (200 mM) was added to the CGCs. Three aliquots of 250 ml were taken from each cell culture dish and placed in the wells of a multiwell plate. Fluorescence was recorded in a Perkin Elmer LS50B luminescence spectrometer (excitation wavelength 485 nm, emission wavelength 530 nm) for 3 h. In each experiment two cell culture dishes were used for each test solution.
Western blot. Prior to use, the culture medium was removed and replaced with 1.5 ml fresh HBM and the cells were left for 5 min to equilibrate. To elucidate the cellular mechanisms involved in activation of Erk1/2, the CGCs were preincubated (10 min) in HBM containing the Mek1/2 inhibitor U0126 (20 mM), the NO synthase inhibitors L-NAME (300 mM) or DPI (7 mM). Thereafter, 15 ml of TMCH (1:100 dilution of MeOH stock) was added, and the dishes were incubated at 37 C in 5% CO 2 atmosphere for different time-spans (20 min to 90 min, see figure legends). After the indicated incubation period, the CGCs were washed with 0.9% NaCl, and lysed in 150 ml 20 mM phosphate buffer (pH 7.4) with 0.1% Triton X-100. Before sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), aliquotes of lysates were mixed with loading buffer (final concentration 3% SDS, 5% glycerol, 62.5 mM Tris/HCl pH 6.9, 0.1% bromophenol blue, 6% 2-mercaptoethanol) and boiled for 2 min. Electrophoresis was performed with 3% stacking/12% separating SDS-PAGE gels (5 min at 90 V, thereafter 45 min at 190 V). The separated proteins were then electrophoretically transferred to nitrocellulose membranes (0.45 mm) overnight (30 V). The nitrocellulose blots were incubated in blocking buffer (Tris-buffered saline containing 0.05% Tween 20 [TBST] and 5% low-fat dry milk) for 1 h and probed with phospho-Erk1/2 mAb (1:200 dilution in blocking buffer), phospho-Akt-1 pAb (1:200 dilution in blocking buffer), or phospho-Raf-1 pAb (1:200 dilution in blocking buffer) for 2 h. The blots were washed in TBST (6 3 5 min) and then incubated with horseradish peroxidase-conjugated secondary antibodies (1:1000 dilution in blocking buffer) for 2 h at room temperature. After washing in TBST (6 3 5 min), the blots were exposed to ECL reagent for 1 min. The signals were visualized on X-OmatBlue XB-1 film (Kodak) and scanned in a desktop scanner (Hewlett Packard Scan Jet 3c) at 400 dpi. Densitometric quantification was analyzed in Adobe Photoshop (Version 6.0). The density of the spots was multiplied with the number of pixels to calculate the integrated value.
After electrophoresis, aliquotes of lysates were controlled for similar total protein contents by staining with 0.1% Coomassie Brilliant Blue-G in acetic acid/MeOH (10%/20%) for 2 h. The gel was destained in the same mixture without Coomassie Brilliant Blue-G, and dryed in a gel slab dryer at 80 C for 2 h.
Nitrite measurements. Measurements of nitrite in the supernatant of the cultured CGCs, using the Griess reagent (Green et al., 1982) , were taken as an indicator of NO generation. In brief, TMCH was added to the plated CGCs in 1.1 ml HBM (37 C in 5% CO 2 atmosphere) for 150 min. The NO donor SNAP (1 mM; Shaffer et al., 1992) was included as a positive control. Thereafter, 1 ml of the cell supernatant was incubated with 100 ml Griess reagent (equal volumes of 1% N-(1-naphthyl) ethylenediamine dihydrochloride in distilled water and a mixture of 10% sulphanilamide and 50% concentrated H 3 PO 4 ) at room temperature for 30 min. The absorbance of the reaction product was measured at 546 nm. Each experiment was repeated 12 times with cells from different preparations ( Table 1) .
Survival of cerebellar granule cells. The cellular culture medium was removed from the plated granule cells and replaced by pre-warmed (37 C) HBM containing 25 mM KCl. Thereafter, the granule cells were incubated with TMCH for 18 h prior to determining neuron survival by using the lactate dehydrogenase (LDH) assay (Koh and Choi, 1987) . Aliquots of the incubation medium were transferred to the wells of a custom made 48 well microplate with glass bottom. 25 ml of a 13.6 mM stock solution of pyruvate (final concentration 0.68 mM) was added and the volume was adjusted to 450 ml with 0.1 M KPO 4 buffer (pH 7.5). The reactions were started by automated Erk1/2 PHOSPHORYLATION VIA NO AND Akt/Raf injection of 50 ml of an 846 mM stock solution of NADH (final concentration 84.6 mM). The LDH activity was measured continuously at 28 C by monitoring the decrease in fluorescence emission at 460 nm using a BMG FLUOstar Optima fluorimeter (excitation wavelength 340 nm). The fluorescence decay rate was used to calculate the LDH activity in the samples by referring to 0.1% digitonin as 100% cell death.
For mechanistic studies, cell survival was measured after incubation of the dishes with the potential neuroprotective compounds U0126 (20 mM) and vitamin E (50 mM). The potential neuroprotective compounds were added 30 minutes prior to TMCH (200 mM) exposure. Each experiment was repeated three to six times with cells from different preparations. The control groups used for testing statistical differences were exposed at the same day as the treatment group.
Statistical analysis. The effects of TMCH on ROS formation in the presence or absence of additional drugs and on nitrite accumulation were evaluated using ANOVA, followed by Newman-Keuls post-hoc test. The effects of ROS inhibitors on cell death were evaluated using Student's t-test. Differences were considered to be of statistical significance when p < 0.05.
RESULTS
Preincubation of the CGCs with the Mek1/2 inhibitor U0126 (1, 5, 10, and 20 mM) (Duncia et al., 1998; Favata et al., 1998) resulted in a reduction of the TMCH-stimulated ROS formation by 33, 46, 62, and 85%, respectively. Only the results obtained by use of 20 mM U0126 are presented (Fig. 1A) . Neuron survival after exposure to TMCH was elucidated by using the lactate dehydrogenase (LDH) assay (Koh and Choi, 1987) . The protective effects of U0126 (20 mM) and vitamin E (50 mM) on TMCHinduced cell death is shown in Figure 1B . These results strongly suggest that Erk1/2 are involved in ROS formation, and that cell death is at least partly dependent of ROS formation.
To investigate the phosphorylation state of Erk1/2, Akt-1, and Raf-1 in the CGCs, phospho-specific antibodies that recognize the phosphorylated Tyr-204 of Erk1/2, phosphorylated Ser-473 of Akt-1, and phosphorylated Ser-259 of Raf-1 were employed. Preliminary dose-response experiments showed that exposure of the cells in the range of 100-800 mM TMCH induced a robust phosphorylation of Erk1 and 2, demonstrated by a large increase in the relative intensities of the two immunodetectable bands (44 kDa and 42 kDa, respectively) compared to basal levels ( Fig. 2A) . In a parallel set of immunoblots the time-response aspect of the TMCHinduced Erk1/2 phosphorylation was determined. The CGCs were exposed to TMCH (200 mM) for 20, 40, 60, and 90 min, respectively (Fig. 3A) . These data show that the phosphorylation level of Erk1/2 was most pronounced after about 60 min. During subsequent experiments to elucidate the cellular activators upstream of the Erk1/2 kinases, we chose to stimulate the CGCs with 200 mM TMCH for 60 min in presence and absence of different inhibitory agents.
Preincubation of the CGCs with U0126 (20 mM) alone lowered both the DCF-fluorescence (Fig. 1A) , and the level of phosphorylated Erk1/2 compared to the cell control (basal) and the MeOH control (Fig. 4) . Separate experiments were conducted to rule out the possibility that U0126 affected the DCFfluorescence by quenching (not shown).
Stimulation of glutamate receptors can activate Erk1/2 signalling (Fukunaga and Miyamoto, 1998) , and neuronal NO synthase is coupled to Ca 21 influx following NMDA receptor stimulation (Dawson and Dawson, 2000) . However, as far as we know, the involvement of NO in activation of Erk1/2 in cultured rat CGCs is not yet elucidated. Thus, we investigated whether ROS formation and the level of Erk1/2 phosphorylation are dependent of NO using the conditions defined below. Pretreatment of the cells with the NO synthase inhibitors L-NAME (300 mM) (Moncada et al., 1991) or DPI (7 mM) (Stuehr et al., 1991) prior to exposure to TMCH lowered the DCF-fluorescence by 67 and 44%, respectively (Fig. 1A) . The concentrations of these inhibitors were chosen based on preliminary dose-response experiments. Increasing the concentration of L-NAME to 400 mM or of DPI to 14 mM did not lead to further decrease of the DCF-fluorescence, and lower concentration of L-NAME (100 and 200 mM) or DPI (3.5 mM) gave lower inhibition of the ROS formation (not shown). Preincubation of the cells with U0126 (20 mM), L-NAME (300 mM), and DPI (7 mM) prior to addition of TMCH (200 mM) strongly decreased the phosphorylation level of Erk1/2 (Fig. 4) . Intracellular formation of NO was confirmed by use of the Griess method (Green et al., 1982) . Exposure of the cells to 200 mM and 800 mM TMCH increased the NO formation by 228 and 282%, respectively, while exposure to the NO donor SNAP (1 mM) (Shaffer et al., 1992) resulted in a 15-fold elevation compared to the cell control (Table 1) .
Dose-response experiments showed that exposure of the cells in the range of 200-800 mM TMCH induced decreased phosphorylation state of Akt-1, demonstrated by a marked decrease in the relative intensity of the immunodetectable band (60 kDa) compared to basal levels (Fig. 2B) . Furthermore, a time-dependent decrease in the phosphorylation of Akt-1 in the CGCs treated with TMCH (200 mM) was shown, with the most pronounced effect after about 60 min (Fig. 3B) . Importantly, as in the case of Akt-1, exposure of CGCs with TMCH (200-800 mM) for 60 min decreased the phosphorylation level of Raf-1 compared to the cell control (basal) and the MeOH control 
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(72-76 kDa, Fig. 2C ). Akt-1 regulates the activity of Raf-1 through phosphorylation at Ser-259 (Moelling et al., 2002) , strongly suggesting a crosstalk between Akt-1 and the Raf-Mek-Erk pathway in our system. The protein content in all cell lysates used for western blot was similar. Representative Coomassie blue stained gels showing equal loading of proteins are shown in Figure 2 .
DISCUSSION
Erk1/2 play critical intermediary roles in mediating signal transduction from the membrane to the nucleus. Therefore, we investigated whether the phosphorylation states of these signalling enzymes were affected by exposure of CGCs to the hydrocarbon solvent TMCH. Possible regulators of Erk1/2 phosphorylation in our system were hypothesized to be NO or an Akt-1/Raf-1 crosstalk, so the involvement of these were elucidated. Furthermore, a possible link between the Erk1/2 phosphorylation level, ROS formation, and cell death was investigated. Our results show that exposure of cultured rat CGCs to the hydrocarbon solvent TMCH leads to phosphorylation of the Erk1/2 type of MAPkinases, resulting in formation of ROS and subsequently cell death. The phosphorylation of the Erk1/2 kinases appears to occur by NO and by an Akt-1/Raf-1 dependent process.
ROS formation in the CGCs was measured as increased DCFfluorescence (Fig. 1A) . We have recently shown that DCFH is sensitive towards oxidation by peroxynitrite, hydrogen peroxide (in combination with cellular peroxidases), peroxidases alone, and hydroxyl radicals, while it is not suitable for measuring NO, hypochlorous acid, or superoxide radicals in biological systems (Myhre et al., 2003) . It has been suggested that use of DCF to measure ROS formation in cellular systems may be inappropriate, because it is suggested that the probe itself may generate free radicals. Marchesi et al. (1999) The CGCs were preincubated (10 min) with the Mek1/2 inhibitor U0126 (20 mM), and the NO synthase inhibitors L-NAME (300 mM) or DPI (7 mM). Thereafter, TMCH (200 mM) was added to the dishes, and the DCF-fluorescence was recorded in a Perkin Elmer LS50B luminescence spectrometer for 3 h. All values are relative to the cell control (set to 100%). Values are mean 6 SEM, n 5 5. *p < 0.05 versus cell control, #p < 0.05 versus cells treated with TMCH (200 mM). (B) Effects of U0126 and vitamin E on the TMCH-induced cell death. The CGCs were incubated with TMCH for 18 h prior to determining neuron survival by using the lactate dehydrogenase (LDH) assay. The LDH activity was measured continuously at 28 C by monitoring the decrease in fluorescence emission at 460 nm. The fluorescence decay rate was used to calculate the LDH activity in the samples by referring to 0.1% digitonin as 100% cell death. Values are mean 6 SEM, n 5 3-6. *p < 0.05 versus cell control, #p < 0.05 versus cells treated with TMCH (200 mM).
Erk1/2 PHOSPHORYLATION VIA NO AND Akt/Raf obligate generation of the DCF semiquinone free radical, and hydrogen peroxide may be formed through dealkylation of DCFH-DA by esterases . When formed in an aerobic system, the semiquinone radical is oxidized by oxygen, which regenerates the dye and forms superoxide. However, since TMCH induces a dose-dependent increase in DCF fluorescene in CGCs (Dreiem et al., 2002) , and since the DCF fluorescence is inhibited by specific enzymatic inhibitors, it is unlikely that the above discussed factors make a significant contribution to the DCF fluorescence observed in our test system.
The upstream dual-specificity kinases Mek1/2 are inhibited by U0126 (Duncia et al., 1998; Favata et al., 1998) , and pretreatment with this inhibitor resulted in 85% reduction of the TMCH-stimulated DCF-fluorescence (Fig. 1A) . The inhibitory effect of U0126 on the phosphorylation level of Erk1/2 may be due to the fact that it binds to Mek1/2 in a noncompetitive manner (Duncia et al., 1998) and thereby inhibits the catalytic activity of these enzymes. That the ROS formation is dependent on an Erk1/ 2 stimulated pathway is an interesting finding, since a possible link between Erk1/2 activation and ROS formation has been scarcely investigated. Preincubation with U0126 (20 mM) and vitamin E (50 mM) showed a protective effect against cell death in our system (Fig. 1B) . These results strongly suggest that Erk1/ 2 are involved in ROS formation, and that cell death is at least partly dependent of ROS formation. This is in accordance with our previous finding that U0126 protects against ROS formation and cell death of CGCs exposed to L-2-chloropropionic acid (Myhre et al., 2001) .
There are at least two important mechanisms whereby phosphorylation and activation of Erk1/2 may lead to ROS formation   FIG. 2 . Dose-dependent phosphorylation of Erk1/2 and dephosphorylation of Akt-1 and Raf-1 kinases in the CGCs exposed to 1,2,4-trimethylcyclohexane (TMCH). (A) The CGCs were exposed for 1 h in HBM (basal), HBM with MeOH (solvent for TMCH), or HBM with the indicated concentrations of TMCH, and immunoblotted with antibodies that recognize the phosphorylated Tyr-204 of Erk1/2. The densitometric quantifications of the bands show that TMCH at 100-800 mM increased the pErk1/2 levels by 193, 183, 258, and 347% compared to basal, respectively. (B) The CGCs were exposed for 60 min in HBM (basal), HBM with MeOH (solvent for TMCH), or HBM with the indicated concentrations of TMCH, and immunoblotted with antibodies that recognize the phosphorylated Ser-273 of Akt-1. The densitometric quantifications of the bands showed that TMCH at 200-800 mM decreased the pAkt-1 levels by 37, 68, and 74% of basal, respectively. (C) The CGCs were exposed for 60 min in HBM (basal), HBM with MeOH (solvent for TMCH), or HBM with the indicated concentrations of TMCH, and immunoblotted with antibodies that recognize the phosphorylated Ser-259 of Raf-1. The signals were visualized by an ECL reagent. The densitometric quantifications of the bands showed that TMCH at 200-800 mM decreased the pRaf-1 levels by 67% or more compared to basal, respectively. The Coomassie blue stained gel shows equal loading of proteins with molecular mass of 42 kDa (Erk 2), 44 kDa (Erk 1), 72-76 kDa (Raf-1), and 60 kDa (Akt-1). 300 in CGCs. First, all five subunits of the superoxide radical producing NADPH oxidase enzyme complex are expressed in neurons, which is a possible mediator of oxidative stress (Tammariello et al., 2000a,b) in our system. This hypothesis is in agreement with Shen et al. (2002) , who showed that in vitro neurotoxicity of methylisothiazolinone occured through production of ROS downstream from Erk1/2 via activation of the NADPH oxidase. The mechanism for this is probably phosphorylation of p47phox by Erk1/2, which is one of the key steps in assembly and activation of the NADPH oxidase complex (Dewas et al., 2000) . Second, the Erk pathway may activate cytosolic phospholipase A 2 (cPLA 2 ) by phosphorylating Ser-505 (Lin et al., 1993) , leading to production of superoxide radicals, and free fatty acids that can stimulate the NADPH oxidase complex directly (Sellmayer et al., 1996) . Altogether, the robust Erk phosphorylation observed in our experiments may lead to ROS formation through phosphorylation of cPLA 2 and the NADPH oxidase enzyme complex.
Since the mechanisms for Erk1/2 activation in cultured rat CGCs are poorly understood, we studied the importance of NO by treatment of the CGCs with the NO synthase inhibitors L-NAME (Moncada et al., 1991) and DPI (Stuehr et al., 1991) . Both lowered the DCF-fluorescence ( Fig. 2A) and ameliorated the phosphorylation of Erk1/2 (Fig. 4) . Furthermore, formation of nitrite in the supernatant of the cultured CGCs exposed to TMCH confirms intracellular production of NO in our system (Table 1) . NO is previously reported to play important roles in neuronal signalling (Contestabile, 2000) , and may act as a regulator of intracellular pathways that transmit signals from the plasma membrane to the nucleus (Stamler et al., 2001) . To our knowledge, we are the first to demonstrate that NO is involved in phosphorylation of Erk1/2 in cultured rat CGCs. Since treatment of the CGCs with U0126 in combination with TMCH almost totally ameliorated the phosphorylation of Erk1/2 (Fig. 4) , we suggest that activation by NO takes place at or upstream of Mek1/2.
Another potential regulator of Erk1/2 activation in our system was considered to be the Akt-1/Raf-1 crosstalk, since it has been shown that phosphorylation of Raf-1 at Ser-259 by Akt-1 inactivates the Raf-Mek-Erk pathway in different cell lines (Reusch et al., 2001; Rommel et al., 1999; Zimmermann and Moelling, 1999) . The kinase activity of Raf-1 is down-regulated by phosphorylation of a conserved serine residue (Ser-259) in the aminoterminal regulatory domain (Morrison and Cutler, 1997) , and the kinase responsible for this phosphorylation of Raf-1 is Akt-1 Moelling et al., 2002) . Active Raf-1 phosphorylates and activates the Mek-Erk kinase pathway (Kyriakis et al., 1992) . We assessed the phosphorylation level of Akt-1 and Raf-1 by the use of antibodies that recognize phosphorylated sites Ser-473 and Ser-259, respectively. Phosphorylation at Ser-473 is required for full activation of Akt-1 (Datta et al., 1999) . High basal levels of phosphorylated Akt-1 were detected in the CGCs (Figs. 2B and 3B ). This is in   FIG. 3 . Time-dependent phosphorylation of Erk1/2 and dephosphorylation of Akt-1 kinase in the CGCs exposed to 1,2,4-trimethylcyclohexane (TMCH). (A) To determine the time-response aspect of the Erk1/2 phosphorylation level, CGCs were exposed to HBM (basal), HBM with MeOH (when included), or HBM with 200 mM of TMCH for 20, 40, 60, and 90 min, respectively. The CGCs were immunoblotted with antibodies that recognize the phosphorylated Tyr-204 of Erk1/2. The densitometric quantifications of the bands in lanes 2-9 showed 222, 97, 875, 271, 81, 2745, 647 , and 1713% of the basal level at 20 min, respectively. (B) To determine the time-response aspect of the Akt-1 phosphorylation level, CGCs were exposed to HBM (basal), HBM with MeOH (when included), and HBM with 200 mM of TMCH for 10, 20, 40, and 60 min, respectively. The CGCs were immunoblotted with antibodies that recognize the phosphorylated Ser-273 of Akt-1. The signals were visualized by an ECL reagent. The densitometric quantifications showed 108, 66, 53, and 76% of the basal levels after TMCH exposure for 10, 20, 40, or 60 min, respectively.
FIG. 4.
Phosphorylation of Erk1/2 kinases in the CGCs exposed to 1,2,4-trimethylcyclohexane (TMCH) is dependent on NO. The CGCs were exposed for 60 min to HBM (basal), HBM with MeOH (solvent for TMCH), or HBM with TMCH (200 mM) in the presence and absence of the Mek1/2 inhibitor U0126 (20 mM), or the NO synthase inhibitors L-NAME (300 mM) and DPI (7 mM). The CGCs were immunoblotted with antibodies that recognize the phosphorylated Tyr-204 of Erk1/2. The signals were visualized by an ECL reagent. The densitometric quantifications of the bands in lanes 2, 3, 7, and 9 showed 270, 2576, 670, and 236% of the basal level, respectively. The bands in lanes 4, 5, 6, and 8 were not detectable.
Erk1/2 PHOSPHORYLATION VIA NO AND Akt/Raf accordance with Chalecka-Franaszek and Chuang (1999) , who reported high levels of phosphorylated Akt-1 in CGC grown in the presence of serum. Further, these authors showed that exposure of cells to a ROS-inducing compound such as glutamate induced a rapid loss of Akt-1 phosphorylation. Interestingly, we observed a time-dependent decrease in the phosphorylation level of Akt-1 in the CGCs exposed to TMCH, with the most pronounced effect after 60 min (Fig. 3B) , consistent with the timepoint of the highest level of Erk1/2 phosphorylation (Fig. 3A) . Further, exposure of CGCs with TMCH (200-800 mM) for 60 min resulted in a marked reduction of the level of phosphorylated Akt-1 and Raf-1 (Figs. 2B and 2C) . However, while Erk1/2 phosphorylation is increased by TMCH compared to basal at 40 min (Fig. 3A) , little change is evident for Akt-1 at that same time (Fig. 3B) . Furthermore, at 100 uM TMCH there is a significant increase in Erk phosphorylation (Fig 2A) with little decrease in Akt-1 at the same dose (Fig. 2B) . Similarly, Raf-1 phosphorylation is not affected by 100 uM TMCH (Fig. 2C ). These data indicate that an additional mechanism other than Akt-1 and Raf-1 could be responsible for Erk1/2 activation in the CGCs when exposed to low concentrations of TMCH (100 uM, 40 min).
Since Akt-1 inactivates the activity of Raf-1 through phosphorylation at Ser-259, and because the classical pathway whereby Erk1/2 are phosphorylated is through the Raf-MekErk pathway, our findings strongly suggest a crosstalk between Akt-1 and the Raf-Mek-Erk cascade in the cultured rat CGCs. That Raf-1 is inactivated when phosphorylated at Ser-259 by Akt-1 is in agreement with other findings in vascular smooth muscle cells (Reusch et al., 2001) , in differentiated myotubes (Rommel et al., 1999) , and in a human breast cancer cell line , where phosphorylation of Raf-1 at Ser-259 by Akt-1 resulted in reduced Raf-1 kinase activity and a termination of Erk1/2 phosphorylation. We propose that exposure of the cultured rat CGCs to 200 mM TMCH for 60 min leads to dephosphorylation of Akt-1, and thereby to a decreased level of phosphorylated Raf-1 at Ser-259, resulting in an increased level of Erk1/2 phosphorylation, and increased ROS formation.
In summary, we found that exposure of cultured rat CGCs to the solvent TMCH induced a time and concentration dependent dephosphorylation of Akt-1 at Ser-473 and Raf-1 at Ser-259. Also, an increased level of phosphorylated Erk1/2 was observed. Thus, the cross-regulation between the Akt and Raf-Mek1/2 signalling cascades correlated with the pattern of Erk1/2 phosphorylation. The increased level of phosphorylated Erk1/2 led to an extensive increase in ROS formation. By use of NO synthase inhibitors, we found that intracellular formation of NO was necessary for phosphorylation of Erk1/2 and for the formation of ROS. The increased formation of ROS was at least in part responsible for the TMCH-induced cell death. In addition to the important role of NO in cell signalling, it can also cause cytotoxic effects through formation of reactive nitrogen species. Indeed, it has been postulated that NO is an important agent mediating the neurotoxicity associated with glutamate receptor stimulation in primary cortical cultures (Dawson et al., 1991) . When reactive nitrogen species and oxygen species overwhelm the antioxidant defense of the cell, the resulting oxidative stress may cause damage to biological macromolecules and possibly cell death (Contestabile, 2001; Mariussen et al., 2002; Myhre et al., 2001) . Our findings may have toxicological consequences, since the white spirit constituent TMCH is known to accumulate in high concentration in the rat brain after inhalation (Zahlsen et al., 1990) . Thus, our results may, at least in part, indicate an underlying mechanism for neuronal damage observed in the cerebellum (Malm and Lying-Tunell, 1980; Lam et al., 2000) after inhalation of organic solvents.
